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A process for enhancing H2 or CO production in a partial oxidation reaction by feeding H2O or CO2 with the feed hydrocarbon and 
oxygen over a transition metal monolith catalyst such as unsupported Ni monolith or alternatively contacting the hydrocarbon/oxygen first 
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reforming occurs with the addition of up to 32 % H2O or CO2 respectively. Thus, the ratio of H2:C0 which is about 2 in a conventional 
panial oxidation is manipulated by the addition of either water or CO2 to the partial oxidation. 
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1. 

CONTROL OF HYDROGEN AND CARBON MONOXIDE PRODUCED IN PARTIAL OXIDATION 
PROCESS 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a process and apparatus 
for production of H2 or CO by the partial oxidation of 
hydrocarbons, preferably methane. In particular the 
partial oxidation is carried out in the presence of water 
or carbon dioxide under, water-gas shift reaction 
conditions. The invention was made with government 

support under DOE Grant No. DE-FG02-88ER13878-A02 . The 
government has certain rights in the invention. 
Related Art 

Catalytic steam reforming of - methane is currently the 
main industrial process to produce synthesis gas (CO and 
H2) - The steam refonning reaction may be represented as: 

CH4 + H2O ^ CO + 3H2 

Reforming is highly endothermic, requiring energy ^..input 
and also requiring contact times on the order of seconds. 
The resultant high H2/CO ratio is also unsuitable for 
methanol and Fischer-Tropsch synthesis. Therefore 
additional ' downstream reactors are usually required to 
adjust. this .^ratio by water-gas shift reaction at contact 
i time o:^ ,»1 spcond ^as:^ . ^ . . ^ ^ ^ . 

CO + H2O < ^ H2 + CO2 

* ■ "partial ^^^^ on/the other Waniai '-ls an ' exothermic 

reaction whidh;;; can; be" represented ^by. the . reaction^ .of 
:" '[ me^ihane with' oxygen :>s follows:. ; ^ -.^ ; • ' 

o':'- + j:p2 ^o +^2H2 _ ----^ 

"To produce synthesis gas by steam reforming,, high 
■ temperature heat input is primarily required at two:, process 
./•i^. steps. First, - Sufficient steam* at a' high temperature : and 
high pressure must be generated for mixing with ,the 
5 : hydrocarbon ^ feedstdck and, second, the steam reforming ; of 
the steam and . hydrocarbon mixture- -must take, place, at 
relatively high temtieratures' and pressures through- a" bed of 
solidi catalyst.' The equipment; needed for these .two heat 
transfers at high temperature- and high pressure-, is 


- ; : ■ : ■ ■ ■ , ■ ■ ■ ■ /.y ^ ' 

'^^^^ Wd 99/35082 - '^'jpCT/US99/00629 

■ 2. ■ ■ ■ ' , - 

; necessarily -quite expeiis^^^^ eqiiiplnent f or . steam 

^ ' ' ref df^xn^ -step is' al-^b costly 'bedause lt^^'inu to 
^ p^ifmit ' trife>" Chang i^lg^ d^^ catalyst when that 

^ catai^sl? ' is* si)^rit oiT pblsbnedP - - He sources: xBppropriate 
5 ' f or th^ above two -process' ' 

fired heaters; ^t-^^-high^^^^^^ utility costs/ also with 

" higif' ' f liifegas NO^ 'product ibrf consequeritial v:to the high 
"C ' temperatures- reguired'^^^^^ 

; . --/The product ibri--^6f~syrt^ is 
io bphslcfered - ^ " ^ altfernativ to^o steanvo refdrming 

^ gjj-j^J^^^ it'' overcoitfes iioihe - of ^€he^ problems- ^^^^ 

■ " ■ ' : * see i;^ "f 6£^. - ^'^ example ' ^publildaMpn: '9^0/06282 and WO 

' ^ 91Dv^0^97'; Fkt^;lipt- discloses 

^ ~ -a Catalytic partial bxid^taotf-^^ using a 

15" monblitW: -';'cat^ 7 wrtH- - plWtinum^palladlum, - palladium- 

' * rliodiumy ''6r ' platinum-rhbdfum 'cba^ U^S.^ Pat. No. 

'^Vo87/25^ to Fujitkhi' "fet a^F \iesbribi^ catalyst 
Wi€iT "^d' rhodiutf*^' cbatihg - to ' ^ perf orm^^ ^t:atalYtic , partial 
" ^ oxiditibn on ' gasblirie'-^ arid -he^vierr^ jpetrdleu^^^ fractions • 
2'6 ^'u^sr^PatV:'^No.-^^5, 648;58^^^ t6 i^chitffidt ^t^^^ai^ the 
"'parti'^J bxida€ibn'^of ' methah^ using 
metal deposit^d'^oh '^*:ceraiiic^^ ao/v- xv^/^ -- 

Ih'-^' 'thWiS'e "^Sorivention methane 


(ria&ir^f'^^asT^ tfi^tr purity ^and . CO virith a 

25 . ■ mole ratlb of '''H2'^*^ -2^0 ,:^:'i^ich i^:^%h^^-^13eB^ed-^ f eed;^ 

" ' for "'mfethahbl -'and-'^Fischer^Tr^^ many 
• bthe?:^ ap^p^ requi^^''^tf The 

present synthesis gas ^hif€- •rek'ct^^t ^^'^A prior 
' ■ ; "^^ Ipi^ce^sds ;t& obtain eifchbr- ^high^^puMty H^'^r^'^^IO . 
30' : ' ■ ^ . Recent advandemeh£s ih spurred 
an intere^'€ '^ih ' con^/'erting na^^ ^as'-^lntb- hyiiipbgen Pure 
hydrogen"- by steam reforming 
' ' • f blfbwed'^^ shift- iisifig- an . Fe based 

catalyst, and . low ' tempWrat^ire ^ u''a Cu based 

35"' ' b^t^fyst.' For inattir^V 'gSs H2 source for 
fuel cells, the present-' 'riaturia^^ 
" ^ ' " must' .be' ^s impilif fecS • ' pref drably '^^-^to ' a ^ '^single , , . - highly 
selective small catalytic reactor . " Other :;.^pplications 
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include apGitic acid .prod\iGtion, which .requires pure CO 
feeds, wer have .discovered that, the H2::CQ, prpauct ratio can 
be altered by the: addition, ot, 992 Q^^^ water- 
• gas shift reaction .while^ the cQnvprsion .qf..,CK[4 remains 
<. -constant iifidicating negligible r.ef oping is.^pccu^rring . 
• r -.-G. / . , r' SUMMARY... OF THE; INVENTION ./ . , 
-.-Briefly ^ . ther , present ,;.iny^ntion is. ^ r prQQ,ess for the 
partial:coxidation :Of hydroGarfeons.; ^ch ,.^3. m^tliaiie (natural 
: rgas).! i.by r e.ontacting^^ -feed \ contain iiig,..jth§ ]iydrocarbon and 
oxygen^ aj:vd (DrrC02:,thrQuq^^^^^ a 
;ca:ta>L:ytiG.all-y ef fectiye;^^^^^ .^f.^^at. least \pne transition 
.raetai monojith r Qatalyst,. under: part i^ 
-J A .pce^f^rred monolitb-i catalyst if a.~. nickel,, meta;L monolith, 
vmen. 920vis jged^^.th^^^^ shifts^ toward .tli^ H2 and when. 

CO2 is-bpresentr fehe,, pro^^ sjtiif J:s3. toward ..qo, thu§ the 
' presence .of; .^either fWater.,,or.^X02-s prpy means to 

■ad:j:u5t;nthe..H2:CO.^at^ preferably .in ^)ie .^^^^ of .^more 
othah:i.abput^.-:2 ':to ^ about . 6^^ watfr ^ .^i^s ^dd^c^ - and iri^ the 

r^' range '..pti iess;,.cibha-n. •;abQut 2:, to;abpHit .g. 5 ,j^^^CQ^ is added. 
: :I^^ :: appears :^^tr.;,rthe - presenc?^ nof j^ater..^ or ^ Cp2 in^ the 
c : reactipn,i2Qne^; according, t a 
water-gas sh,if t ; .r;at,heyr ;tJi?t|L;. ref opii,^§f ^ . -^^ lr.:sz.: V 
... 'cli^/: ia:-,,:furth^r .embo^^^^^^ a -^irst 

; contactii^ ;§ . feed-. cpmprisi^ig,.,jne feedfwith 
v: or-^ wifeh^put;(.:H2p pr, Cp2 ..with a, . noble J^ft^^ ^^^^ ^ 

^^.moTvolit^l>:;;^^/?he-(^H2n f-^^ . -t^^HSjl the npble 

: . ;©et?i 1 inpjipi ith 3 he^tHf enjX^e nobl e , ^ft^l^ mpnol ith and the 
i J tr an sifei.on • met-al, jnonp 1 ith . ^ 5 • ^ 7 r ; / ^ j , : 3 ,7^ : , q 

O^eic^us^ ..partial-- oxidation reactions .,ar.e^,. e^^ it 
i^ vnot necessary^, to . ad^ ,ext^naJ..jJieat tc^o^-^^f system^ other 
->pctiian- tP:; obt^i^i^^ A^pition of-.ttja cat^lys^t;.^,^^ ^ , 

. . ; . - c - ^„ ^ . .pRIEjr:. DESCRIPTION OF THE .DRAWINGS , . 

.:: Fdg;,;:l shows- tl>e. cony e^r si on of. CH4 ai)4^,^gelectivities to 
ji2 V^'ii^ ^^2t-addi1^pn^;(^ 

. r' Figi-:.2 : sjiqwe .the"^^ and,, .^^l.^ctivities to 

^ - H2 .£With r^!0,2 afl^ition over..Rh . .. . , . y ^ , 

.;Iigvi 3 .;:^hows -;the vco.nversi.on of. .GH4 and seleptivities to 
..'.'•rH2 vitfr-C02 'addiction oyer -Pt.-.. ; - . - 
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^ Figr- 4 ^^iiows '^he cchversioh 6fi^CH4 ctrid setectivities to 
^ CO with H^O -addition dver M- ^ . 
■ Hg/ 5 - shdws -the ■•co^ of ; CH4 ^and seleGtivities to 

CO Vith"H^0^additafb^ over Rh^^:^ ^ -y^.y y - ■'■^■ ■■J- 
k: FigV^ 6 iftbw^ ■ t of;^iCH4^attd selectivities to 

"" 'do with -''H^^ -^ad^ ■ V J-.- ' . . . 

Fig; 7'^- compares '-^the^sel^ to COxin-'the product 

with t?he -add^itioh of . 
' Fi^-"'*8^ compares- the-r^ 
the'- CH^' iri ^the '^feed^ wxth 'the^^additioh--of f H2O over Ni/ Rh, 
^ ' and;Pt\;^*^"-^'^"' "^^^ ^^/^"^.'^y ■ ^ - r ■ ■ ■ - • ■ ^-.^ 

Fi^v^ 9^^^oi!vpa^^^ C0/cb2 ^in^the •product with 

the addition^i>£: H^O . 'd^ > r ^- . ■•■l^ 

•\ Fig.' lb -ddmpWre ^conversion of CH4 with the . addition 

o£ H-^O^'ov^f -^i/ ' , " - ' * . " ' ^ 

r Fig;* 11^^ discl^b^es^ a single- bed : c^ system 

adcordlng tb^-€he pr^ - ? : - ^ ^ 

Fig^; 1^^ 'disfcibse^v^^a inultlbed catalyst' crea?ction system \ 
^ ''^cbordfrig^t:b the '^>r€t^ent invention. -^'- ^^"^ ; • 

u. F^igP-- i^f '^di'sc^ ^^Mterriative: - 1^ catalyst 

" ■'r^adtion-syst^ pf^sfente;^d.nventton. 

^ ^ "^The ^ 'pres-erit ' ' catalj^ - monolith 

s t rue tiirfe ''Either ^ cbmp^sed- of^ -the ^Tnef^i ?b df 1 the ■ :catalyst or 
' - ioateS with? the ine^a: -bf - thl-cataryst^^ Th^'^metals itfay be 
" " iri - the-*^^xide^ ftiriii* :duxi;T^^ '^the^ pirfeS^ht^prbcess. The 

' thickftess^^ of tfie" ihoholitfi' th'i^^^ which^-^the feed gas ♦ 
mixture' must - i^ass^^'fS ffom-l 'm^ contact 
time"^' r^rig^& /f ifbin .-1^ ^ to^-^^^^ Mlii'se'd^t)rids using, a 

"' ^Wrib^ of ^^^0%::pbrbsity-ahd. 0 2 - tb 1 ^- 6in inp kiepthv ' "Under 
• ^dpWr^'fng - cohait > - thasv cbrresp^ Space 

cei^amic" f^ befeh lEdUriti present 

■ ^invent ioh' '^tb-^' "^ . transfer 

" '"chlii?^c^.6ris€±cs necefeskfy-if 'high;%pac^^^ to 

■^be' -'used;'* --^e inetar inbh6l?rth mai^'Wrprepar^ as metal : foam 

or sintered -'par€icib's. bf ^'Weeal. - 'The'; solid'^^^m^ monoliths 

exhibit superior heat -trahs^ef'^ pi^ require 
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.. substantial .ainounts: , of- 'y-a-ry expensive metals in some 
embodiments . Thus , in some applica^ipn^ the . metal coated 
./ceramics will be;, the catalyst of r/chp,i^ ..Af used herein 
the term "metal monplith^? ^ shall* -^^^i^ solid 
- .5 • metal . mejaolithS' and ? the .metal coated cervamjc monoliths . 
The solid metal monoliths,/,may :be produced- j.by any method, 
.'.rr '^f or. example:; foaming V; . sintering 

The :reactpr': is: star•ted^ from ambie^ through 
:. „c ". ther-use of: a mixture .of ligjit.^hydrpc ammonia and 

10 - :adr jpreheated to about ; 200*C ,^and -t^ intro(|uced to. the 
monolith catalyst at. an appropriate temperatuire at which 
combustion will occur. After: combuc^tion has., established a 
monolith catalyst jtemperature of nea^^^^^^^ preheat and 

ammonia is • stopped. . The :feed gas .mixture ...o^^ hydrocarbons 
15 (methane) and oxygen is.^then- fed(.tq;^^^ at a . 

V . temperature of from ; 25; to 4;Sa'C. ;Thus,Vthe gas feBd 
mixture of the present^ _ iriyqntion .does . , not require 
iprehe.at:ing:. -:tp, nf.ar-^ it^ igpition prior :to . 

introduction tq ;;r^the; pat^Iyst,^ the 
.20:- productiom ,o:f75G02-and^ reduction of 

. the ..;select:iivi'ty fqr r-and , CO, . With.,.tl^e^ in1:roductioh .of 
water or carbpnijdifDXide ^t^^ in accordance with 

: . the:: pre.3entv iBv^ntion, = th^^ f,e?.d is adjusted 

.: .;:\: ::^£ t:o^ maintain; ;the .established;^ outletvrtemper^ur.e^ , . 
V.25 " t :;.Vr>;-:Ther ampujits ^i:^of - hydroc^ C02 ....and 'p;xygen 

. jodntrpdyced- iiitp (.catalyst zone) are 

' L:i:jl cdhtrcHled tP:.;=prqYide^ of^.from,,,^bpu^.. 0. 2 to 0.8 

,r3'aihd^rK20 pr: Cp2^C ratioS;;Of about a. 5 : ta 5^..^ T^ process is 
: I i. i :;c:arriedt put ; from about • atmpsphe-ric pressure ., to^ about 2000 
;.*:30 . ..j psig,; Tbe amount; of w^ter qr,;C^^ is pxe.f.erably .up to 

V r-.L.:4i5%;,:imore pre^;eratolY; 5^ tq 35% ipf jthe ,gas^pu^..f e^^ 

Because , the; hydrocar constant with 

2-'-^q £-.1:.or:.. without the H2Q or CO2 . it appears, .th^t little or no 
, refprming-: is.jpccurring. Thus the present partial oxidation 
■-:;,r3 5 ..sf- : id;n':the presence p-f H20 or^^CQ2 is characterized as occurring 
. .-: ?r in the.-sub^ . Th^ .predominant 

re:actipn; in.. the presence, pf. water-,or.,.cp2.. i^ characterized 
-.-.^rasi/a water-gap. 'Shi^ . • . • • • • ■ . 
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^/ - : : Jn-* a^' preferred , entbodinent .. of t^eri^present ^; invention, . 

catalytic partial oxidation, an exothermic reaction, takes 
u : pi;^ a specified transition 

' : 'iftetal^ %lbne - a noble metal dispersed to. 

5 produce 'a " -gas ^ which is . .rcLch : in carbon m^ and 
- ~ • ;^hydrbgen:f- The:, reaction in the .catalytip. partial oxidation 
^ ^- kone is exotheirifni^:: ^andv the zone j is vth^ref pre .also ref erred 
" ■ to -as ari ' ;ext>thermic :i:^ca^ The ^eixothermic, 

^■^M-^ -^s-:^..'.. catalytic -^ partial- ^oxidation zone- comprises .^ either solid 
" ' ' 10 : metal "monblith and/or : a . \monblithic : .Qatalyst carrier or 
" c or.: transiticm and noble metal 

' ^ - " ^ catali^^ 'is "dispersed;:. Such catalyst r eanr v effectively 
■ ^ ■■ ■ ' "icatalyz^ thei ^%>artial; oxidation of ;:Voinw-'ada:ition , to , gaseous 
: • -and lighter ' hydrocarbon' : liquids'- ■ :such :. as? v-natural gas or 
; : : paraf^f^ihic^ -naphtha ,^i^heavier 1 hy such as 

' " diesel^^ oil, ■•• number 2 -- fuel pil;,j- /and :*CQal 
~ ' ' " As Compared- 1^ a "nonTicatalytio tcbmbustioi^^^ such ^ as 

conventional , non-catalytic partial: : pxidatipn,^^ catalytic 
^-pa^ti^i ' bxida^^ ; descrirbed eabove enables the 

-^0 ^ titil^i^za^ ot^K li£sser : amooints : . of-r > pxyg?n and ^ lower 

' ' " ■ ^ 1 ■ levels :^1x)th:: ^ox±dize:. /a^;. pQrt^pri^.pf the. feed 

■ - . ^ aivd-^^^ crayK '^^ -heavife :)feedstocks- ^to r : vlightenv 

c.^ r aafj ^'c.: ....^^ reactant 

Hi^: :^y:,'}:- j^^'^s^ -fbr ^subsequent :tireatmentrw::a Gene^r^ly;/: oat:i least, about 
nvo*'-;^^: I / -j^f V the " hydrbGarboiT f eed ostoc^c" . is^ partially^, oxidized in 
^^ . -"^ vio--i t:he^ -catralytic primarily 
d^lJcm^^mohbxide , and;^1iydrogeh: -and" heat .,*,S*^ all of 

:o ^^-^ -^c -tife^'b .ihtoo{the:/cataiytyb:: ^pa^ oxidation 

q:-;. • -^one the^lpartiair oxidaticy>::steB^r^ The oxygen 

^- ' ■ ^Na^ -^^'^ inl^ the r catalytic 7partial -:p^^idal£i^ ^RP^ is 

■ - jn 3: ! j cortsumecJ iiV^^^th^Si^ ::c^talytic., epartialioOxicJd.tipnn:.step . The 
:s::).ir:T'i i.a-ri oxygen may'-b^-* ptbvided^1iy;nany3Suitabl:e^;: "Q 

' ' ■ v- -^: -^oxidant - g^""^^ to include 

"'atr *"^aif-tehriched; with^oxygerl/ oxygen; otj^pxygen mixed - with 
J : ,^i:/r3;5.4 ;^ other ^^k&es;- "^he gas., from:; the: -catalytic partial 

^ ^ • -'i ■ oxidation zone^: contains:: primarily ; CD , H^./: Ii2p> : N2 ^ C2 to C4 
. . %na-' other -^^light^ and, 

' ' "depending' -upon: th the -feedstock , H2S and. 
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COS. ^Methane is the cpre f erred . ::feed: for H2 or CO 

production. ■ ■ ^\ ' J ' ' 

The- presence of: H2O .'(.steam).; results in a fayprable shift 
in the product, of the . H2 ::COr.: ratio to :.H2V. whereas the 
-presence of CO2 shifts the ratio in f avor of rCO,*. ; 

^ . The ' combinatron of features- prqvided .by the present 
invention ^ptovides .a* highly ' efficient and flexible method 

~' 6f convertii^- .various; types '.Qf- hydTOcarbonaceous feeds to a 
■ hirdro^kn-xich' gas.* . ; For ©xamplei the,, combination of 

= features: "f>rovided by' the proces:^ Oif- the^-.present invention 
-provides- a highly: efficient process- of . manufacturing a 

" -syn!thes-is gas by convreX:tins various - types of 
>hydrdGarbonaceous, feeds, :includirtg -fiydrocarbon feeds, to a 

' = ni€r6gen and ;hydrogen-rieh gas suitable- -for use, .in ammonia 
^synthesis: By utilizing the/ catalytic;, partial, oxidation 
-process as wdescribfed.> a .wide variety . of „ hy4rocarbonaceous 
-feeds, may^ t>euefficiently^.and .economically^GQ^^ into a 

- hydrogen^ tichi gas. , ; i.u 7. . L . ; r- rfi-,^ 

- 5 - - ' The Moi^Dlithic Partial:. oxidation C§t^ 

• - The: partial ioxidat ion ;. catalyst, either: ;Cqmprises ,,or is 
■support-fed ' on a: mdnjodithic jsarcier? thatj is^, ^ a. ;Carrier of 
^he'.ty|}6': comprising:' one or morja- mpnolithift bodies having^ a 
^{iluralityi -^f irnely^M^iyid^cl. .gas.ifiow ^p^ss^ges extending 
' " therethrough.: ■ " Such • monoldthie eaa^jrier -members, are .^pften 
referred 'ta ^s. "h3:>neyc6mb" type. Q^r^Fiers .and ar^v well- known 

- ^LTir the^ art. A" preferred, f orifi ;of .such parr^^^ made of a 
' ' "refraetijfy , substantialiy.: dii^rt , . irigid ■ mate^^i^l which is 

- -eapam'e ro'f^ irt^^ sbape-and^a T§^^fici:ent degree of 
V meahanicsi J strength* 3t;_rhigh temperatures fpr . ^xample , up 

-:to^ -about 3, 3'73i^F.: (1, 836'^C* ,^ypical.lyy,y^,; material is 
- ^selectfed :<for:^the ::osuppoxt -which ^ ;exhibitS; : a ^ . low thermal 
" Gofefficieritl/ of < - expansd^^ theriFial shocX. resistance 

andv : though::. hot- -alwaysrH -^tow^ -ttierTnal-: conductivity . Two 

• - geh'eral ■ types .of material fpr constructi^pn of such 
--'carriers, are :• known.. .Onelisr.a ceramic-rli.^ce ;Pprous material 

. ::'compfisWa' of" ^ohe:i^x)r: :more . metal;-:^:; oxides , :;;::f or example, 

• - - "^aiumihav -;'al-\imina-*silica-, * .aluminarsilica-titanta , mullite, 
■ - ebi^ii-eritev ■ : -zirconiB.^ . : .^irconiarspinal , zircpnia-mullite,, 
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silicon carbide, etc'. =. A particularly , preferred and 
cominercially available . material. . of construction for 

- Operations below.iabGut :2,000.-.F. (1,093-C. ). is cordierite-, 

- which ■ isd ran ; .&-lwmina.r=magne&^ material . For 
applications involvi;ii.g, operations^ / (^'°?-^ '9^ 

1 an al'umina-siliea-titan is preferred Honeycomb 

mbnoT-ithic supports; are cqinmercially-, availa^ various 
sizes and configurations^ .Typically : the .. monolithic 
.Carrier ; would ; comprise, =.;,e:^gv. - a . cor;di€^4t:e; ;.me^^ 
generally Cylindrical, con^ (either^. round or oval 

in ■c5:oss^^-SlEctiDn) and hayipg-^a . ,plwrality .pf parallel gas 
flow passages -5or,; regularr pplygFona]^ .pipss, section extending 
therethrbugh. The gas f low.; pas^agjes are typically sized to, 
> provide ■from: about 50 tq .l ,.200,, .preferably 2^ ^00, gas 
flow channels' per square- inch of face, area • 

vasfioust •honeycombed^ ^reticulated ) . qe^.a^mic , structures are. 
-described dn ^the art:, fe.S;. Pat,,..,; No . ; 4 , 2^1., 239 discloses 
-fruted" .-Ml teri-qJE- .. porous- qe^r.am ii^creased surface 

- area ; U'^S^/' Pat . 5. No . r4 ^56ai.59r5 di^clgses 

' foams v.^ith^ la- surface -haying, a-, Ge;ra]?iic., §.in^^^^^ cMtiisg . 

closing ■-bff ilthenrcellst. fl,^ ■^t.. .NQ.. 3^ SpO^^lJ , discloses 
-cferainic ^ :f oam with;;.a : nickela rGoating,^ f pll^^^,^by ^platinum ^ 
•-depqsitedo:in^.a: ovapqr : process;,, U..^.- IJa^^..^Nq. .3.,957,685 

- ^-disclo^es? inickei ' fPC = paH^ 

• c.eramiG^ r metal/ceramic v,j; or-,.) mgtal,. ,^;9.?P:^,; a HA.:, ^^^;V 
\-''3^f998>75a v.disclos.^s .cseraisvi^q^v* cobalt or, 

cbppgr ^feE«)sitedp ;.:in , tfcwp. ; payers :.viwith^ layer 
' ■ %^iWf orced'-:with/;aluininur^ magnesiumwpr z^^n^CL,^^^^ Pat. No. 
■■ / 4 ;!lEi:e3 r7i^' discl oaes., anifnegatij^ v . A^^ 

- pret'iculated)., : f oam . coated; .^with~.Gpbai.t_, .niqK^Ql or molY^denum 
' coating; U.S. Pat. . ;Nq..- 4 ,-3.p.8,,23.3 :4is^^^^^ reticulated 
' - -VeiraMct ifoam -J. having;^^^ coating and a 

-1 ■ noble ^-mdtalJ- coating lusef ul as.,, an :;exhaust,^ga?. ^^ca|:aly st; U.S. 
^ -^*Pat. -^No; •4'.;-253-,302 .^discloses; -a., fp^^ containing 
--■iplatiriim/rhodiiim - qataly&tiifpr-^^ catalyst; ^and 

• Uvst Pat . --Non :4 /088 ,.60,7 drisclpses-.a- cei:.a^'miq..^^^^^ having an 
■ active . aluminum .iqicide- layer-, cqated:/ ^y^., ..a noble metal 
: ■'I'-cohtai-nirtg.: compos itiq.n ^""^ 
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palladium.. ^ • ' • 

. -The foam .structure is : Qharacterized .by-; the. -number , of 
-: pores per linear inch and typical .foams- are .produced with 
16 to 100 pores per linear- • irich . ; .The cerajiic supports 
V ' employed in the present invention are generally ;P.f the type 
-^ - ^discibked "in U.SFPat^^ appropriate 

■ ' •" ' mat^riWl- for ^ the' 'matrix arid arrfe./. generally- refer red to in 
' ■• ' ■ 'the'' "art a'nd'-hereih as '•mcjn61ith's•^: :, ■ . .. 

'Geri^AilY any organic, liquid in which the metal salt is 
10: sbluble ^^'may be used 'tO;^ deposit . metals- fon ^ to monolith 
■ ^ ' suppbrts. - The^JmetalS inay also ^ be:^^^^^ aqueous 
solutions using the,, water" '^^^^^^ ■•■ 

■ "■ \ : Generally ^fdm^^-0. 5'- l^o 20 . wt .of; -the: metai will be 

■de^)Osited :'on"- the ^mdnblith^ :^based?o on iut^^ of 

15 monolith);' ' V- ' - ■ 

■ ' "a. suitable h-igh> "-surface,, area :refract,o,^ metal oxid.e 
: ■ support" layer 'may be deposited on sther. carrier .to .serve as^a 

- "^s^pbti: updn ^rtvich :fahely: 'dispersed :cata3.yti<?.:metal may be . 
^^^aX^tWfi^fed. 'As is knbwn^in - the . art,.^ generally,,; oxides ^. 

"^ci' ^ <irie o^ m6^^^ the mefca3j^ bf^JGroups' II,riXII.^ a^^ IV of the 
^^V' Periodic ^ Table- ^'Cif . Element^ ^ :having riatojnic ,nu^ ngt 

- ' -greater -than - 4 O^-'ar^: -satisfactory as,,?*he^ ;suppprt layeg, 
' PfeferreS hiq^ surfabe" : ares 'support -^coating^ ..are alumii^;,: 

--"''^ ^^jeryliiav' ^itcbnia;'^ batiaTalUmina.; ~ .magne§ia»>; rsilica,, ^d. 

25"" ■ cokiinaUfei^ oi-'€w6 or^m^^ «■ 

.^-i^^r:^--^w preiWrSd: /^support: . coating : is alumina, , most 

^-'^^'^lefeiably -''^a sCabilized, high-surface ■:ar^;-. transition 
' . ' 'aluiiin^.' -^bne > or fibre stabi^izersi. such;.a&,rare.-iearth metal 
" ■ --^^ bxid^l' ^and/bt -caicaline eattK^ metai oxides rmay, ^e included 
-^hW ; trans-iiiibn^'-iluifiiife -Cusually: im comprising 

■■/u-'^^;. ^^^::;j;etil'-raoholith--may>nbe:>prepated,.^ foam or 

: - .-^y^ntlted-^ p^ttieles ;: = 6f ' .mital - -at^c ;high ■.-.temperature. 

Fibrioiithic"'' supports^ f^om ..materials such 
'2^''-'^ Mfeker^bt-staihlessl^t^l •br::^^lacing -a .flat. .and a 
-^rrugateS^ riet^l stte^tr, bhe^ bver the-iother , and, rolling the 
^ - ' stacked sheets'- into- ca tubul'a-r c an axis 

■ parallel to' :%he- corrugations,/ to,:;, p a cylindrical- 
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' shaped ''bbdi^" Waving a' ^plurality of f ine, . parallel gas flow 
pass^gei exteriiiihg; ther'ethrough^ - : , ; 

The transition metals useful in the: prfese^^^^^^^ invention 
^ are selected from Vk^^^ Co>. Rh, 

" Ir, ■ Ni XuV' Pd/^^ Cov sNi or 

Cii f britiihg ' a^ "^preferred, grouping > • rfbre; ""preferably Hi and 
"- mor^ |>ref erabiy :^^s nickel 'iftonolithv- ; Nickel 

su^port^d oW ^^uiifina "mbnclith cfound ta be useful 

iri'^ the" present -pr^ ^v-^uj:- d ^-aif-rrr-r 

The nob>l^ inetais-"^ the^ -presient .. invention are 

:sellbted firom-'^he gfo Ru, Rh, Pd, Pt and 

mixt^^s . ther<feof^^^ pt^ -or Pd. ; ^ : 

^ ' F6r'^Fig^v^ 'f^ ii^ a .: quartz tube 

coritiniibUs . r^a a-Al203 
15 mohdlit^^s' Without and^^after - 

the c^t^y st reduc^^i^iradiataoh-^l^ The catalyst and 

" radiation" "^hi^ in -the'^- quart by 

"siliiia^aliimina'-^^^ and 
* ' fcack' sid^" "of . the- * cataflyst were'- im^^sured-- w Pt-Pt/Rh 

2V' ' theirootfou paa:Ged bistweeh the ^catalyst :^d /.the radiation 

shields. Rh and Pt catalysts were igijited^with a Bunsen 
' " burner at CH|/62 ?rati sphereS: were 

" " ' ''"more'^ Mf^fbtil^^ ^and- therfef b^ NH3^^ w added to 

" tiie ; f ied"' to : I6^i^er"'^ijgni:tibh ignition, 
2*5 "' '/- ^he V^actor • wa^i^'^' iri^lalaft•^d^ i:^)y - ^wr^ in high 

temperature'"' insula^ '^^\.-q-, .. 'r vvc, ■ 

■ ' M*^ knd'-"^^ .c^aiyfets "X/^S^^p^ iinpregnating a- 

'Al2C^3" tci^ long) with 

■ • 'cofeSht:ra^ \ salt ' sdlutibhs (rhodium- ' Jchloride in 

30 . -' acfetiine 'oi chlofoplatinic"' aci'ci ^n - H20)^-^ which; were - added 
" . '"'^bfiWiie' to the monolitlr anci- allowed^ ^td -di^^ The 
sdmpies'^w and then, 

calcined at 870" . K for 2 ■ hour s ift- at . the 

; * ^''.''saine' teWperature' in 10% ''H2/Ar for .7 ■ hrs.- .-However , spheres 
3B ' ' • of sintered Ni activated •[ ovier ;a^-' pei^;iG)d ;'"6f f '6 hours (at 
' ' *■' ' hbrmal traction conditions ) / catalyzed^, an r oxidation reaction 
^" '"in which, the- cc?rivefsion. aind \- ^iei:ectrvities steadily 
: " iricr^'^^id. ' 'Theref bre^^jiurd ^Wintered-Ni (Alfa, 
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. -40 mesh, deppsition grade^. 99.9%) packed, ..to. 1 cm deep were 

used directly- Similar :results weri^.. obtain foamed 

r ■ nickelr monolith: - .r^T ^'; .o: ./i:- , : v 

. Flow rates of high purity 0.2.,. ^2,, .CO^ and GH4 were 
■ 5 . controlled by, mass flow ; controllers-, with an accuracy of 
•+0.01 standard .liters per . ^minute^ (|1^ Initial 
experiments -fWtith no- CP2 or .H2O. ad^ed to the feed were 
J cotidUGted at: 4r si which is 

optimal fuel/oxygen ratio for ^ syngas production. For all 

10 of i the ca^- results .presented her^, ^2 was replaced by 
CO2 to : maintaii>_ a constant . conjt^t tiin^ . within the 
catalyst. The exiJfc temperatTore vO^^ , ^^^^^ catalyst was held 
constant by preheating the feed gases.^.^. : puns , were repeated 

- - . - where CO2 was .added -to. pa constant ,.f l,ow. p.t O2 and N2. , 

15 t o Th^se -re^^lts/ are . nearly idf.ntical an^ shoy the same trends 

as the data, presented here. an^. are qmitted. ,For runs in ^ 
... which .steaiR, was: added to .the feed, w^ter^^y.as supplied by^a . | 
syrirfge pump ^ . through ^ two stage .vaporizer and a back 

1 -'^ -pressur.e/nregulator to.,, eli^^ system .pulsing. In .aj^l 

620'^i ' --re'sulifess reported, H2P;5. was, added . to .91 constant f^ of^ CH^,, . 

:' -:irf ::^ ;Px6ducit "^^rgasep ] r w_^re .analyze,^., by, a ...^HP ; 5 89 0 . .gas 
-chromatog^ph- .with ;^a .theraal"; ^ccmdpct^v.ijty detector |^d 
Integrated:; by r .an; .qn^Une computer. . The . detec;bed reaction ^ 
25:: :proauct5;:;werevH2/^^fi' ::C^^ ar^. H2O on^,^^ll catalysts, and 
over Pt up to 1% C2 products . were^. obse^y^d. CH4 conversion 
• , : t T::-and • product^. aseleqtiy.it ies we^e calculated as described 
previously. :.:r For C02.iadditio^^^ to CO and 

c r t .j./-t:02-' are: ;not .^r^^^ (the. only .carbon^, containing product 

c 30 .: that^vis - not;: a reactant Is . qo) . . Similarly, H2 and H2O 
.\v i .seljectiyities .. are not reported f pr H20^ addition. In all 
. ^rruns^ the carbon ..and hydrogen, balances closed with an 
•. - V accura.Qy -betfter^vthan 97%. ■ - . , , . . ... ... . ^ 

, : . . Figs... 1.-3 show the conversions .pf .CH4 and selectivities 
• 35 .: -to.tH2: with CO2 addition on Ni, Rh ,and Pt ^catalysts , The 
. reaction-. temperatures on-- Ni,..Rh and.^Pt cata^lysts were held 
: constant, .with*: ^C02 addition:,^ . 1240' , .1250' and 1500' K, 
.. . .(respectively . ; The. , equilibrium predictions of CH4 
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conversion "and H2 sel%ctivities<: a temperatures are 

^ ^ • showri^ iby^ : the dashfedi :ilfines:- :a :Sdiice- o^ a lower 

' ' - ^2/^2^ ratiov it^ -^"temperature ;is ; ft;25,0;- C ^hotter than Ni or 

/ 5- .: .pj^^ Cdnvdrsions were'^ nearly ponstant up . to 30% .002 

^^additioh^ '^rti allV vth catalysts , ; but signif icantly lower . 
• ^ -^ than the- equilibrium GH4 fconv^ersions ;Whieh: i^^^^^ 100%. 
:r:y:.. ThesB restilts imply ^that ^ little C02 .r^fpiming'_,^pt CH4 occurs 
' ' : ^ at contact ^ times' i of r ^=^5 i^ms andv:;r?13:0O " K . -7^ vFig: ;l ; also shows 
10' " that the conversion of- CH43is higher onpRh (80%) than on Ni. 
' ' '^(72%) with' Pt ;^fS4%') .^bei^ v : 

tr%vLoz:r:,y . ;: The -addition - o£^ C02 decrra^ over 
" i - ' - —all three 'catM^ With 
• vln^:;'; 2^^ CO2- add^ition--;on Ni,c the ^H2::^eieGtivity;:decreases from; 
I -NB^o%-'tb oinvRh^^ it/ decreases 67^%^:^^ and on Pt 

^ ^ ' decreases -^rom- 5a% to: 41%^;: r The ' H2:t selectivities are 

* ^ " roughly -* paira];l to> :but^^ lowers than;:, the 
- --ecjiiiEibriu^^ -jThese , 'iijesu^ that 

Tocrc u^r ' lieog ^teaets^^with H2' in the^revers^ ^^at^ 
"^ ^'^ " ^26 ' to : 

1:'^ The'^i^esuilits-p^ of .CH4,, 

^ ' r.rr'y>>;- . ' ahd'- N^^HDvfer ^^Ni Rh r .ora^Pt > .are ;::shown - in;;,^!^ :4 - 6 . In^ 
' these ~ runs , - \the ^ temperature ':iwa;S '^jcept)r;^ jcpns^ at the 
, (.5 23 :: --^^iabatic teMi)Srature:>/:in vthei o^£H2^ a^y preheating 

' ' : .^^-Becau^6; c5f ,p;i-eheat;vT3^imitations, 

^'^'-^ -^^ coh^staht . ■rtemperature^ ;:^ono jthe- ^Pt.o::,c at 

'^■•'^ : " gr^S€Sr^ th^ri 12 Vor% ■:H2<^ feed -jwa^s dif f icul^t^ aond therefore ' 
■^''''"v""''- ''^-^ ^ xs^'riot/.irisported-;,''-^^^'^" "/'^^^ tor^co" rrr;i5:T,5:: ■ o'cD-l i;^ . 
; V* 3^0 ^ ' ^-^ "^^Fi-gs GH^:; cpn\r^rsipns ^were -nearly 

C3a" ' 'ccmstant • over-?^ .H2Q:.' -addition. on all three 

■■-co ^v: ^^-::ix^^tal^st&r'' -i stream r reforming of 

CH^Vis'-'oe'curri - ' 

' " ^ - ISs^ M20^ -^dded x.to*' :the ^f eedvrithe;:i.:|Se:le CO 

- - ' ^ -35 ^- "^^ecteases^ -on Ni^^'and:^:!^- bu to remains (-ess en^ constant 
:^ vr-7iv:y:xo bverPPt."- 'Oh Ni,:/: :t:he -^selectivityvto from 88% 
^3^ .:. ;- rrnor. ~ 5t>% \ wfiiise ^ cih/ Rh/ the select iV;ity-::ohty::tdr^ps '94% to 

- / ^" - 87 % . • 'The •H2"0' seems -.to .;b:e react ing:':with cp; ;by^ th water-gas 
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shift reaction- over- Ni and-:m, but noti,over^-P^^ 
. The present •r'esults^-.exhibfited no ^qiatalyst ; deactivation 
on uhsupporte'd Nirand on supported Pt- and Rh f or over 100 
hours of operation at atmospheric pressure.. The present 
' data also" show that as the concentration of -CO2 in the.- feed 
'increases, the conversion of ;CH4 remains- constant . This 
-cleanly ■ shows :th.at . CQ2 - reforming - is . not occurring 
•signif i-canti^ temperatures- .aear 13. 0^)°., K, at contact 

times riear i'ms andJ-in the presenqe vof qxygeh. 

Althbughc these -re^ult^r mY:. seem contradictory to 
previous^ literature , ,three distinct factors differentiate 
•thfs ' wbr?t from- previousv ,r:esui'ts*cx : ..^ii^st,, : the present 
' reactor -runs adi^baticaaiy cani. autothgrmally therefore the 
-Veactidr^^ : temperature is controlled., by.,: th^e catalyst 
' sei^ctivit:y and the *temperat\!ire9 .typiq^My run;.. 250 tO: 500* 

■ hotter' ' than - typical CO2 reforming v ^runs^ ^ Second the 
contact time over ; the cat.a]ryst£::q in ; pur-r runs;^ is 

- -apjbroxima-teay .1 ^s, .corresponding to -r a? 4P^^® 
velocity GH5V df-^-JLxlO^ ^PP?ri??^imat;e:^y a factor 

of 10 higher -- i:than" . most i previous -CG2r? r3^efo™irig .work. 
Finally, the presence of O2 may ;in}y.b4t.^-C^ reforming 
' reactiohsv ' ' Ther ^. CH4 : ris prt^ably -F^^eting.rfWith O2 i^very 
xapibly, and' 'th^^extremBly/I short 'Cpntac:^ Jii^es grevei^.the 

remaining fircym reacting-with .602 • . - r=i:^f:. 

-Simiiar^' r^uits:i ha^^B /^beeji iri^pprted' by^ -Chcjudljary et al, 
^-Gatay.seii^;. 32 (1995): 5 391-3 9.^ .-lOver" NiO-CaQ -.catalyst at 
^'■ -^'spaoe ;v%locities;:of :.'^upi .;to i5xa^ g"^ .h"f_; ,aj^d^ .temperatures 

up"^ tV^OO'cU ^ror ^ca2 reforming in tl:ie absence, of 02> the 

NiO-CaO catalyst coked very rapijJily./v -^ct when-^p2 is added 
' to *the''-feed,o the£. catalyst:.7showed no; deactivation ,4ye to 

coke -foMat ion. - TheyT.'msed.Ttheir: jresults -ta> sl;iow that the 

■ •%"&di€r6h of^O^Vovercomes 'theiBndo.th.^rmic. 4^ of CO2 

reforming "^•by--'xnrtxally. jcombuatingi.'fea the^ CH4- The 

- •'ener^y--telec[se'd34by combustion.:. can then; be immediately used 

■ -t'o'^ ^diriv^v-'^^^ reactions '.f They- .-cp^nf irmed this by 
• cal^GuMting u the^ . ratio jof: CO^:/ reformi-ng .to oxidative 
' ^conve¥sion>of: ;based cheraisli.^ry being controlled 

■*"by •three-^^rfeactionsviG ±) with O2 to 
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syttgas^ 2)' complete cbWustion^^^-^b .3:): and ; CO2 reforming 

' ^ ^ "Although r 'tfi is expiaLnationtPf the product 

distributfoiT^'inf"' ;thes^>^ is.: i)e-lleved that 

5 present results are better described : :by;c; the direct 
' oxids^ion" 'Of CH4^^%o ' syngas v followed by. water-gas shift. 
^ " Figs^ 1^3^ s&w'^ th^t- as ' CO2 i^^- .;the.:f eed, ^ the 

■ "conversion ; of • ^CH^' ^es' no^^ outlet 
teonpeiratu is helff " cbi^s ^- for'-t example rby i^ preheating 

iO 'the'f(4fedi ;irKiicat*i^ig that^^ Ca2-^efortd5ng:i^of,7 probably 
h at;:-^ these. ' fcontk^ 

However/ as' CO2 is r added the selectivity /to -oHgrd 
^ : over^ alP trix^fe ^ metalsV- : This^-amp^lles^^?^ reacting 
" ' ' w revets^ ^a^eir^gats?'- shift. : ,1:9 . 1 

i^^ * The ^^res^nt^ results . th^^: 4:he ^ \s^ater-gas . .shift 

. ^-^eattltin ''^^ : H2O, 

' ;^ ^^parSic^tlaitl^^^^^ t!hie Nl^ raohSc^ith.^r H2G:. ; s to be 

' reactfh'g "w£€h^ CO2 
' ' sHd" H2 i^ ^^^^^ HgO addition 

20' "resfuit^^^- a:Gtrivity6 o^&t nth^f: water-gas 
shif t f i^fctibn 'a r^^vefrs^^ at >aOQ0^ rKIand.:lc;ms contact 

'ermir^ •--'ri:!^. ..ivi^-: nl^ ■ ' .,. ^. \ 

' " ^ ^ ' ;^ ^& ^' with-^'''a?2^^ s^s^aift- ^ef ormiarg :s^ms to be 

'"^ - ' ihkctive^ " ovei^ ^ -M/;- or^ -^Pt high-^ i:einpeii3tures and 

' "^ifli^cbrid^^OT ;--^rh4^ i^^ probabiy^-feecause the 

-^■^^ ^'~^Bl4'^ i)r^^rerrti^ ttore remaining 

01 Qfj^ ^^^^ ^a:t these /^xtr^^mely short 

contact times. This is expected^ :fr^ ijthelrei^tively low 
' ''"^ ^^sti:iking'c6^ft±c^ to O2. / 

i.^j^-t .^;j,j:^^c/rr^ or ii:20 to 

-J £j^^-^f ^ed^-^strfeam^^ af fe^ th^-'&elfe^ixtitiy :tb i and CO but 
' " " , " ' leives ' tfe^ bonv^rsidW'-^ 'tlB^- "Im'a^f f eoted . ,;:iThe .:&hort contact 
tiinei/^^' 10 "^cT-'^lO" m^s^^^^ or steam 

- ^j-^ir^g^- i^c^ ainy of--tifig * ^l*;ee - ^^metalsi^r :rands:the dominant 
^5* " reabt'i'on iW^ t^ H2> :: 

^ : VincW/^ d^crease^s with ithe i addition of 

^ ' 002 'C<^r^ CO*' selectivity' de^reaW 'then,addit-ion of H2O) , 

* '^tfie "wdt^t-gas reiverse^fmust be active 
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- " ■ ' at present reaction; : temperatures; .and . cqn^^ct times. 

Therefore,: it is believed that the: direct partial 
oxidation of CH4. to .syngas ;;fGllow^^^^ the water-gas shift 
reaction ; are v the dominant ^ ^reactions , the present . . 

y;.:,^ ',5:^. f-'d:hven1:^ion. ' z - - -i.. , ^ ^. ■ -.^ 

. : ■ C'-Tdgsv' -.'1-6' -show - that.., at .contact times, near 1 ms, the 
: : /^^^.^direct partial^ oxidation of methane to syngas appears to be 
;-v::^Lc followed byo.w^ter-gas shi^t '.pr it^ rey^rs^e, . • Because, the • 
' : :; > watet"gas'::shift reaptip^^^ at 1300!, and 1 ms, the ' 

, . a: io:>'i ' product r s e ire ctiyi ties can ,be feuned . from high. CO^ to high H2 
• 3 >t^ ; : -- coxitentu.by ^. introducing^ or - H2P, respectively into the 

^^y'.-^y--- 'feed '-Stream.: ri: : -ev ■ :: ,■ ':0:.' .^.vr. 

■" The Tiegligibl;e: steam or ;C02:ryrefprming occup in . the 
presence of : Q2 , Qver^:;uns>:^pprted Nt .and Q:-;Al2p3-^ ^i^PP^^^^^ ^ ^ 
15 :-,afid Pt catalysts at .contact . times of^ ,1^^ and 1309 K. ^ 

C However > the-wat^r-gas „shift reaction , and t^.^^^verse ^ift 5 ^ 

i . reaction are- ::actiye^ oy§r .Ni. and.,Jm, mth, ;I^t. .being ^|less 
: ^ o^c^j^^^ LiOver. Ni, : th^:>Cp/C^^ ratio deer e^a^es^|q 1 at^ 3o% ; 

v ^:^ .: H^d) addition, whichctrianlates^^^^^^ ratio^of 5. ,^This 

■v ^ -20 ^ * ^ dembnstrates rtft^ acMition;^ use^ to ; 

3^ r :: -manipulate the ratipvOf^.H2/G^ # - % f 

in Fig. 11 an apparatus with a single transition metal '':^r?^ 
c; ^;i^<^catalystTas: illfustrate^ . , . HydMca^ 8 is J§ the ^ ^ 

?^^: u ;.direct±on!nof the arrow, into tiibulai:.^r^a^tP?^ 4 
25- •<'>^ste^m').v;iorq ce>2 • ^niters yia^^ line.i2^ 22 . . 

!;!rn.tfc;n3i JThfe tubular x reactor: 10 is-\^rapped; with^ ^ • W 

■7..on^' V- •'-iV.c-at.-aiyst 3;L4 ;is* • ^^andwiehed- j-fetetween. two., hf ?tj. shi^^lds 16 and 
'OX. V' insulat'ed •.byf llft^-^-^.vv^-j.v,-. r .:t ^ -7o-:r;:oj ^' 

. r . Itiv-Eig. 1'2,:^^^ zone is 

" -;3-0"~^ Shown: iiritubular jreacltp^ 10Q.'^.,:irlydr^c^ 

0:^ ::r;3 iO0 dn t^e vdirecrtipnj of^^t^e /ar^ ; 

^ ;^ :r:jreactor. J3^H:2Q>(:^ 

:o r.andvather:mixtur;e.:: contacts;, nobie^ .metal, cat al^ - 114 • then 
-'..-:j%^'vr -.transition ^ometal-^a^prefeinred .^rpup) .115. . The. two catalyst 

35,:;^ ^^inon^liths ::aTe ■::as^pciated;^,,^ 1^^ 
:^ insulated ^by.v^lia- .-.p?he;^:^r9nt^.: ppi^ion the reactor 

:c .: - - . containing thje; beada^ - is-, wrapped .. with , heating tape 120 

; rpig-; -13- is : a-^modif icati^ / 


■it- 
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The hydrocarbbn/0;^ feed 208 fenters the: tulmtar reactor 200 
■ ^ ■ 'and passes ttirougfh noble inetalf'%o^ 214 which 

is sandwiched betweeri ^ heat- %hi'elds:-2a6 • ^ That:; section is 
' iiisTul^t^d by Ms . - - the - r^^ by 
5 ~ igrdting't^ The ::product:? from this partial 

' " oxx d^tf on'^pasies 'into ^^^^ piackihg 222 where it, mixes 

' ' wiW iiyb: (steamf^ or ./ The mixture 

' ^ probe^dW^ t^ group) 

• ^ ihoiidlith rcatalyst '^215^^-^ Heat^ihg^ tape - isrv -provided to 
10 maintain the 'temperature f rom ' the- exothermic partial 
: ■ oxidation*-:'"' ■ y'-. r^,-----^- -/-v- ■■ ■ ; : . ■ 

It h^s. been found: that/ u^^^ 
'\ - as riicskel "^iribnoiith /'i^^ supported 
' * ^ " metaf^V :** Because ^^'^^ Ni, 
15- ' the i^^ a better thei^nostat a^ higher flow rates 

"""l ' can be Achieved with^similcLr-^ and conversions. 

> ^ ' using linsufiported ^Nx>-^"t^ --Pf nickel- 

aluminate formation and therefore a deactivation route is 
eliminated. These/ two advantages combined allow for 
20 operation oyer wider range of inlet conditions. 

The multiple catalyst bed design takes advantage of a 
more selective catalyst for synthesis gas formation. In 
this design the first bed : is . a supported noble metal 
catalyst, preferably Rh. This catalyst is supported by a 
25 reticulated or extruded ceramic structure and the weight 
. loadings of catalyst can range; f rom 0 . 1% . to in excess of 
10%. Steam or ;C02-:is injected immediately following the 
first catalyst bed prior to entering the second bed. The 
second bed requires energy" input to maintain reaction. 
30 This, catalyst "can be a noblef metal', transition metal or 
metal oxide, like Ni,Fe, or Cu. 

To initiate reaction, the feed gases are introduced to 
. the reactor at 'the desired > flow rate . and composition.: 
Energy is' added to the catalyst either electrically or 
,35 thermally until the catalyst ignites. After catalyst 
ignition the energy source is removed, and preheat is. the 
only external energy source required to maintain reaction 
temperatures between 800"* and 1000" C. For the multi-bed 
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•■; vreactor, ther second and vbeyond ^.^^^^ may .yieed to.be 
• - maintaihed.T at- ate^mperaturq .either by,, external, .heating or. 
■ ^frbin the energy, rM.eased.., in ,thA,: f^^ ., ,, 

- Gas hourly space. velocities. -lO^hTl haye been used for 
5 the 'process:.: : Inlet compositions . of fuel , and., .oxygen were 
1 taken fjjbm- -literature sources- for .;tne opt iroal .production of 
. -rsynthesTs gas.;. .Natural gas v was simulated ; .>y CH4, the 
-t, . . • dominant component; .;of .-nafcural. gas .. . ^.The ,i,nle^ .compositions 

- ranged from7 64%ufuel., 3 6% .oxidant, to ,35% fuel, 20% oxidant 

Id ' knd 45% H2O or C0,2. ; , :r, ,j ; V... .:. 

The introduction of H2O into the fe^d .^stream results in 
; a decrease .in : the..,:,Gg/qq2 ral;^^^ n With, no H2O the C0:C02 
. ■ ratio is 8rl, but, .W;ith 4,6% H2O :feed„;jthe ratio, is reduced to 
• 1.3:1 when rusing.tan ,. unsupported bed p_,f nic^^l. Adding COj 

15 instead of. H2Q :-resul%s -;in.ra decrease,; in,, the HzrHjO. ratio 
from. 9:1 .to 1: 1 . -again ipyer- a nickel,, catalyst. Similar 

- results have -been.demonstrated . over Rh a^^^ catalysts. 
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The - invention claimedvHs ^ 7 . > 't^:.'.. - ' . . / *; ■ ' : v - ' ' 

I. A process for the partial oxidation of hydrocarbons 
by feeding a stream ^cbntainingu^hy,<ir:ocarb^^ oxygen and H2O 
or - 6O2 ' "^^^^^9^ ^ patalytically ^ 
iffeeitive amount ^^bf:: afc . least , one tr-a^sitlon m^^ 

catalyst under partial oxidation conditions ; wh^ >said 
' - ""tirahsitiori Inetal is^ :jerQm:vfther( group- of 

Fe/ Ru, Os> Co, :JUii;-^ca:r,;ONi> iCux P4/\^andrPt^ 
^3 - ' 2^. ' The proceiss^t: 6 according- /rtys^ claim ; ^1 wherein the 

transition metal is Ni or .Rh. V:i- M^: s.;: n 0 aA- rr ' - 

^ • ' 3 . The process; : according to ; claim 1- wherein said , 

catalyst comprises a nickel; metal , ifior^oli^ 

- /'-4; ' : Thei i^proc€rss/i.:.according ;^rtQ ; .l^ wherein .said . 
caitaiyst: zone :^contaihs6 one tra^ 

; 5. The process accorddiiDg' ::; ta-.^ c2,aira.. j- 4p...Vherei the 
tiran3iti6h-^ metai^^ 

6. The process according tjD claim.^1: . w^ 

■ w^ orir .ei 

7. The process according .t^p^qlaim.!^^^ fed. 
^'•with said-hydr^carbbncemd oxygLjeiK:r . iiT 02 ; 

8. . The process accordingoJ::on Clari^^ at least 
" ■ ^'WaLid h oexy.geji: :^re iCpntacted with a noble 

- me tal V mdnfelittt^^ i ctat aly s t < and^xo partj.a;3., ,,9^ conditions 
■ p^^ to Contacting isaixictranst^ mefal monolith catalyst 

wherein ^said t^Cijl^>":TOetal:'cison^ the group 

consisting of Ru, Rh, Pd, Ir, .an4c?t,^^ ijp:^.:: 

- 9. " - ptoces^:. axijcordingofcoqcl^im/s wherein H2G is fed 
Vith- -\said "' h^ ^iando^Qxy-gen to e^^^SS'fe^^S't. said noble 

metal catalyst. '..vr.'^r: :cqi; 

10, The process according to claim 8 wherein CO2 is fed 
with said hydrocarbon and oxygen to contact said noble 
metal catalyst.^ 

II. The process according to claim 8 wherein said H26 
is fed to said' stream after said noble metal monolith 
catalyst and prior to said transition metal monolith 

; catalyst. • 

12. The process according to claim 8 wherein said CO2 . 
is fed to said stream, after said noble metal monolith 
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catalyst and prior to :;.tsa id t ; transition.' ?netal monolith 

catalyst.*; o::-;^ .\; : . 

13. The process^ according: to. claim , 1, :4, 6, 7, 8> 9, 

la, 11, or - 12, .wherrein- said'.-transition: metal . is selected 

from the-grbup consisting., of r Fe, =iRuv Os," Co^ Rh, Ir, Ni, 
''ahd CXkJ ' . : ' - ^ . . j . 

:;. 1^4;:; The ' process .^r according, to iClaim 13.:-wherein said 

transitfon^metafl isJFe, ^Cu> Ibr Nl. 

is. .The p?i?6cess'KaccDrding ..to-: clal^ wherein said 

transition .metal is Cu. j ^ 1 ^ i ^ : :;: i. v ; : 
^^-'16. The^ process :/according>:.tQ-i cLaim 14 wherein said 

transition-metal isnNii . r- h r b v/. • .0 

- 17, a?he pro'cess according.to .claimr 8, 9, . .10, 11, or 12, 

wherein'- said hbbl(5^ inetair .is : seleeted.^f rom the group 
•"^consisting of^Pd ahd-Ptv > '^^..h::-.:: '. • 

18. The process : 'according tor-claim -lT, , wherein^^said 

noble taetai-is- Ptt l?a :b .r : - - - . . 

19 . The proceSs> Jaccording i./to/ -Giaim.,,17.;^ wherein^^^ said 

nobWmetaU^ ils- P'd^ '^-^"^-^ -5 . 

20. The prWess^. according : rtQ vel:a 3 . jwherein . said 

rifclcel mohblith' comprises a foamv- u.^ . r:l ,3 w 
i- ri^iv^j ' Th^~-pry^ according .tP ..rclajLmt 3 . j/*ierein| said 4 

■nickel -mbnolith^com^^ R^rtdcles. ||- 

'-^^^' 22'. ^^fhe :pr^3CfeSsv-accdrding■.^Q r.c^^ y?>F^^in the^ f eed 

g^^to^- tfie^Ar^action. :is.rpreheated -tpioa tercipf rature • in the 

range of 25-456>'C. . -'i • ^--^ pn: -nco 

^ The^-pr6cessi>::accordingx:tq -jclaim . .22 wherein the 
pf^s'surfe of the. process is^ im:the:rrange£,of| atmospheric to 
2000 psig. 


r , 
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